Introduction
============

Inflammatory Bowel Disease (IBD) encompassing both Crohn's Disease (CD) and Ulcerative Colitis (UC) affects more than 3.5 million people across the United States alone, with a demonstrated steep increase in incidence over the last half century ([@b1-ijsc-11-039]). The pathogenesis of IBD is still not well understood, but involves genetic, environmental and immunological contributions implicating a dynamic interaction between the gut microbiota, the mucosa and the host immune system ([@b2-ijsc-11-039]). This issue is complex with genetically susceptible individuals exposed to environmental triggers which affect the gut microbiome and which result in specific interaction between the NOD-2 receptor protein and bacterial lipopolysaccharide ([@b3-ijsc-11-039]). Although there are many xenomodels of IBD which have improved our understanding of disease pathogenesis and progression, each method, whether induced by chemical means or via immunologic manipulation or by gene targeting, has limitations in the representation of the observable characteristics of human disease ([@b4-ijsc-11-039], [@b5-ijsc-11-039]).

Mesenchymal stromal cells (MSCs) are currently being extensively examined in a range of regenerative and immune disorders and appear comparatively attractive as therapeutic agents in IBD, largely because of their immunomodulatory and regenerative properties as well as their ready *in vitro* proliferative capacity ([@b6-ijsc-11-039]). The techniques for MSC isolation and expansion vary with harvesting from a range of sources including bone marrow, adipose tissue, umbilical cord and placenta ([@b7-ijsc-11-039]). These multipotent cells have been defined by the International Society for Cellular Therapy (ISCT) with plastic adherence in standard *in vitro* culture, specific expression of surface CD markers (CD105, CD73 and CD90), non-expression of other cell-surface markers (CD45, CD34, CD14, CD11b, CD79, CD19 and HLA-DR) and a propensity towards osteoblast, adipocyte or chondroblast differentiation *in vitro* ([@b8-ijsc-11-039]). This original ISCT description has been further supplemented by immunological definition where MSCs must show an *in vitro* response to IFN-γ and TNF-α with a discrete reproducible functionality on cellular expansion, measurable immunoresponsiveness to infusion and clinical efficacy in some xenotransplantation models ([@b9-ijsc-11-039]).

Following a case report in 1998 of the improvement of CD activity in a lymphoma patient undergoing autologous bone marrow transplantation ([@b10-ijsc-11-039]), an open-label randomized, phase II study was initiated in 2006 in order to assess the safety and efficacy of the intravenous administration of allogeneic bone marrow-derived MSCs in patients with moderate or severe CD ([@b11-ijsc-11-039]). Although this group reported a significant decrease in the Crohn's Diseases Activity Index (CDAI) in 9/10 patients after 28 days of treatment, an independent 2009 Phase III trial enrolling 210 patients was halted after a higher than expected level of clinical responsiveness in the placebo arm ([@b12-ijsc-11-039]). Recently, intrafistular injection of allogeneic adipose-derived MSCs (ADSCs) has shown clinical improvement in perianal CD with complete remission in 50% of the cases treated by 24 weeks when compared with placebo ([@b13-ijsc-11-039]). The aim of our preliminary study was to evaluate the efficacy of the local injection of ADSCs in the colon of a rodent chemical colitis model.

Materials and Methods
=====================

The project (PEIBA 0156-N-16) was approved by our Animal Ethics and Welfare Committee and conducted in accordance with the published doctrines of the European Union directive 2010/63/EU concerning the protection of animals used for scientific purposes. Twenty female Wistar rats (185\~210 gm weight) were obtained from the local animal centre (Institute of Biomedicine, Seville) with all animals housed in separate cages in a room with acclimatized temperature under a 12 hour day/night cycle and with free access to water and food. Colitis was induced in the rats using 2,4,6 -- trinitrobenzenesulfonic acid (TNBS; P2297, Sigma-Aldrich) diluted 30% with Ethanol at a standardized dose of 50 mg/kg in accordance with other reports ([@b14-ijsc-11-039], [@b15-ijsc-11-039]). This solution was administered rectally after negotiation of the anal canal with a 21G Abbocath cannula in a total volume of 1 mL as previously described ([@b16-ijsc-11-039]). In order to diminish rectal reflux, the animals were maintained in a Trendelenburg posture following TNBS administration for a minimum of 15 minutes.

Mesenchymal stromal cell characterization
-----------------------------------------

The ADSC treatment cells were derived from the Cell Bank of the Jiménez Díaz Foundation (Madrid, Spain) after extraction from the abdominal adipose tissue obtained from 2 female Wistar rats. The ADSCs were isolated according to ISCT and IFATS criteria ([@b17-ijsc-11-039]) by collagenase digestion of the liposuction with subsequent density-gradient centrifugation ([@b11-ijsc-11-039], [@b18-ijsc-11-039], [@b19-ijsc-11-039]). Thawed cells were washed with a mixture of Low Glucose DMEM medium, 4.0 mM L-Glutamine and 110 mg/L Sodium Pyruvate (SH-30021.01, HyClone) supplemented with 10% fetal bovine serum (F7524, Sigma-Aldrich) and 1% Penicillin/Streptomycin (15140122, GIBCO). Washing resulted in cell purification with extraction of heterogeneous cell populations, eliminating hematopoietic cellular debris, endothelial cells and their progenitors and fibroblasts. Aspirates of the non-adherent ADSCs were then restored into fresh culture medium which provided a greater comparative yield than other stem cell sources ([@b20-ijsc-11-039]). After separation from the stromal fraction, the ADSCs were expanded in *in vitro* culture by adhesion to plastic plates for 24 hours. Cells were seeded at a density of 50,000 cells/cm^2^ and incubated at 37°C in 5% CO~2~ for 12\~14 days, changing the culture medium every 3\~4 days. Upon reaching 80\~90% confluence, the cells were washed with Trypsin-EDTA (25300062, GIBCO) and then frozen for later use. Once the cells were needed, they were thawed and subcultured in similar fashion. The cells were labeled with PKH26 (Mini26-1Kt, Sigma-Aldrich) immediately prior to use resulting in a yellow-orange coloration which incorporates into the lipid region of the cell membrane identified by fluorescence at 551nm excitation and 567 nm emission ([@b21-ijsc-11-039]).

ADSC treatment of animals
-------------------------

All animals were anesthetized for both the induction of colitis and for definitive ADSC treatment, with an intraperitoneal injection of Ketamine and Xylazine, at doses of 80 mg/kg and 10 mg/kg body weight, respectively. Following anesthesia procedures were performed via a midline laparotomy. The protocol permitted the separation of treatment groups whereby 3 days after colitis induction, the animals were equally divided into blinded treatment and control arms. The study group was treated by local injection into the wall of the upper rectum with 2×10^6^ allogeneic ADSCs and the control group was treated in similar fashion but with saline. Animals were sacrificed 10 days after the treatment, using an intraperitoneal injection of Pentobarbital Sodium diluted to 100 mg/kg and with subsequent neck dislocation. At necropsy, samples of the rectum and the descending, transverse and ascending colon were collected with one half of the samples fixed in 4% formaldehyde for hematoxylin and eosin histology and the other half frozen in liquid nitrogen for fluorescence microscopy. The severity of colitis along with the nature of the cell migration into the colon and the measurable thickness of the intestinal wall were determined. Colitis severity was recorded using the clinical disease scoring system devised by Hunter et al. ([@b22-ijsc-11-039]) based upon 5 criteria with a maximum score of 5. These included: (1) \>10% loss of body weight (recorded as 0 or 1), (2) A wet anus with soft stool vs. an empty colon (0\~1), (3) anal bleeding (0 or 1), (4) Macroscopic ulcers (0 or 1) and (5) death (1). The thickness of the different components of the rectal wall was measured on microscopic slides using image processing software, (Image 1, Python Imaging Library) comparing the control and treated groups and taking 4 representative measurements with recording of the mean value.

Statistic analysis
------------------

Statistical analysis was performed using the IBM^®^ SPSS^®^ Statistics 19 package (Chicago, IL). Quantitative variables were expressed as means and standard deviations. Comparisons between the two groups were made with the Mann-Whitney U test (with the Bonferroni correction) and the Student *t*-*test* where appropriate. Comparisons of continuous variables were made with the Pearson Chi square test and the Fisher's exact test where appropriate. A p value \<0.05 was considered statistically significant.

Results
=======

The macroscopic and microscopic lesions induced by TNBS were confirmed in all of the rats and were similar to that described by other workers ([@b14-ijsc-11-039]). Also, a previous study was performed by us in which proved that the method followed was correct. There was no clinical consequence in any animal (change in weight, alterations in diet or water intake or decrease in stool frequency) ([Fig. 1](#f1-ijsc-11-039){ref-type="fig"}). Total colitis was induced in 19/20 rats with the predominance of inflammation macroscopically and microscopically noted in the rectum and right colon. The capacity for ADSCs to migrate and to engraft to the area of tissue damage as well as the semi-quantitative and quantitative degree of inflammation was assessed in sections of the rectum and colon. Fluorescence microscopy showed a transmural colonic migration in all ADSC-treated animals at 10 days following treatment with a correlation between the degree of inflammation and the number of infiltrating ADSCs. This effect was particularly noted around the base of the crypts of Leiberkühn and in the perivascular space of the submucosa ([Fig. 2](#f2-ijsc-11-039){ref-type="fig"}). [Table 1](#t1-ijsc-11-039){ref-type="table"} shows the thickness measurements of the different intestinal components between the control and the treated groups with no differences noted in any component of the intestinal wall or overall. [Fig. 3](#f3-ijsc-11-039){ref-type="fig"} shows the comparative Hunter scores between the treatment and control groups for the different sections of the colon. The Hunter score was significantly greater in the control group when compared with the treated group for the rectum (3.8±2.74 vs. 1.5±2.37, respectively; p=0.017) and for the right colon (2.5±1.08 vs. 0.20±0.42, respectively; p=0.0001). There were no differences between the groups either for the descending colon (1.1±1.97 vs. 0.3±0.48, respectively; p=0.47) or for the transverse colon (1.7±2.36 vs. 0.7±2.21, respectively; p=0.19). The appearances of the Haematoxylin and Eosin histology for the different parts of the colon between the control and treatment groups are also represented in [Fig. 4](#f4-ijsc-11-039){ref-type="fig"}.

Discussion
==========

Our preliminary study has shown that in an established rat model of colitis, locally injected generic adipose-derived mesenchymal stem cells migrate into the base of the crypts of Leiberkühn with an objectively diminished clinical score of colonic inflammation in treated animals. Normal mucosal integrity is a balanced interaction between the gut bacteria lying in close proximity to the richest immunological component of the body, where the regulated mucosal barriers of organisms supervise both the host-microbial interchange and mucosal repair. Inflammatory bowel diseases represent a failure of these barrier mechanisms with a deregulated systemic and mucosal immune response directed towards intraluminal antigens; an effect which is enabled by microbial factors and an underlying genetic susceptibility ([@b23-ijsc-11-039], [@b24-ijsc-11-039]).

Any of the available animal models of human IBD will be less than ideal and do not replicate fistulous disease or remitting/relapsing variants ([@b25-ijsc-11-039]). In 19/20 of our rats rectal TNBS instillation showed a preferential inflammation in the rectum and the right colon most likely consequent upon Trendelenburg positioning of the animals and because of an expected longer contact time between the hapten and the right colonic mucosa ([@b4-ijsc-11-039], [@b26-ijsc-11-039]). It is also likely that the distribution of inducible colitis affected the site-specificity of the observed response to allogeneic ADSCs. Similar to our study, Fawsy et al. showed that allogeneic bone marrow-derived MSCs could induce colon repair with a concomitant significant decrease in the inflammatory response after rectal installation in the rat of 3% acetic acid ([@b27-ijsc-11-039]).

The mesenchymal stromal cell (MSC) is an attractive form of therapy in both experimental and clinical IBD where these characterized cells have a capacity to inhibit the activation of T lymphocytes and B and NK cells as well as impair dendritic cell maturation ([@b28-ijsc-11-039], [@b29-ijsc-11-039]). These cells are advantageous to use because of their high replicative capacity *in vitro* and are found in a variety of sites including adipose tissue, synovium, umbilical cord blood and peripheral blood. The MSC is easy to culture with low immunogenicity and high expansion potential permitting ready off-the-shelf treatment with allogeneic cells. The further immunological advantage of the MSC is that it has no antigen-presenting properties and does not express major histocompatibility complex Class II antigen or costimulatory molecules. This ensures that their use does not induce any broad T cell proliferation and abrogates any allo-reactive T cell responses ([@b30-ijsc-11-039]).

The clinical use of MSCs in IBD has been limited and the reported responses have been conflicting. An early phase II study by Onken et al. ([@b11-ijsc-11-039]) of low- (2×10^6^ MSCs) and high-dose (8×10^6^ MSCs) showed a good level of responsiveness in refractory CD. This ushered in the double-blind clinical trial conducted by the Osiris Therapeutic Group ([@b12-ijsc-11-039]) which compared intravenous hematopoietic stem cells with bone marrow-derived MSCs (Proxymal^®^), however, this trial was interrupted because of a higher than expected placebo response. As IBD represents a disorder of immune dysregulation, it was further postulated that high-dose immune ablation with a complete immune system 'reboot' could potentially eliminate the proliferation of detrimental T cell repertoires. Although this would not impact genetic influences, remission might persist even when environmental triggers remain. This approach has not, unfortunately, proven useful since patients with refractory CD treated with an autologous hematopoietic stem cell transplant not only failed to respond but experienced significant toxicity ([@b31-ijsc-11-039]).

It is possible that MSC treatment may prove particularly useful in IBD patients resistant to biologic therapies. Given that one-third of all CD patients fail to respond to anti-TNF therapies and that one-third of initial responders show transient loss of response requiring a switch to another biological agent ([@b32-ijsc-11-039]), newer modes of biologic therapy are required. In this respect, our group conducted a phase III international clinical trial in perianal CD patients comparing a preparation of allogeneic MSCs with placebo and showing a higher clinical and radiological response rate with MSC treatment after 24 weeks of follow-up ([@b33-ijsc-11-039]). Responses were particularly noted in those patients who had initially failed with anti-TNF therapies.

The precise therapeutic mode of action of MSCs is not, however, completely understood with many postulated mechanisms. These include multipotent differentiation, tissue migration, cell-cell contact-dependent surface molecule immunosuppression and the secretion of a range of angiogenic soluble factors ([@b34-ijsc-11-039]). As far as we are aware ours is the first such study which shows the homing migration of MSCs to areas of experimentally-induced colitis following rectal installation. In this model, fluorescence-marked cells can be identified clustering in areas of discrete ulceration (most notably around the crypt base and the vasculature of the submucosa), in parts of the colon distant from the treatment site. This migratory effect is similar to the MSC distribution found in other types of inflammation ([@b35-ijsc-11-039]). The further idea that these cellular infiltrates diminish upon the remission of lesions suggests that they are also integral in wound/intestinal healing ([@b36-ijsc-11-039]).

Recently, it has been published a research regarding the best MSC delivery route for the treatment of experimental colitis. After inducing experimental colitis in rats, the cells were administered via intravenous, intraperitoneal and anal. Route intraperitoneal showed better colitis recovery and might be the optimum MSCs delivery route for the treatment of DSS-induced colitis ([@b37-ijsc-11-039]).

Our study is subject to several important limitations. Although the method of experimental colitis is well established, other models may prove more suitable for therapeutic study and the action of administered MSCs will be more complicated than the mere migration of potentially immunocompetent cells. Ancillary mechanisms of action apart from the stimulation of innate immunoresponsiveness, will include the specific blockade of proinflammatory cytokines, the abrogation of inflammatory cell recruitment and the inhibition of T cell proliferation with the induction of T cell apoptosis ([@b38-ijsc-11-039]). It is appreciated that comparisons of semiquantitative histopathological scores of inflammation in animal colonic tissue are not strictly comparable with the instruments of response typically used in clinical studies, such as the CDAI. In this respect, the data from preclinical work has only so far shown a limited capacity to predict efficacy in clinical trials ([@b4-ijsc-11-039]). The derivation of MSCs (adipose- vs. bone-marrow and allogeneic *vs*. autologous) is considered important in this regard, as is their method of delivery (local vs. intravenous). Differences in cell source and administrative protocol may account for some of the conflicting data concerning luminal IBD following systemic autologous MSC administration ([@b39-ijsc-11-039]).

Further differences in MSC responsiveness may result (potentially as in our study) from the use of cryopreserved MSCs. Here, the freeze-thawing process has been reported to attenuate MSC biodistribution and immunosuppressive properties when compared with actively growing *in vitro* MSC cultures ([@b40-ijsc-11-039]). In this context prolonged cellular expansion may lead to a senescent immunophenotype. The lessons learned concerning MSC responsiveness in animal experiments are difficult to translate to humans where the utilization of allogeneic MSCs derived from random MHC-unmatched donors and autologous MSCs studies are not strictly comparable. There are also important species differences in the mechanisms of MSC immunosuppression, where human MSCs convert tryptophan into the immunosuppressive catabolite Kynurenine through indoleamine 2,3 dioxygenase but where murine MSCs use the inducible L-Arginine nitric oxide synthase pathway ([@b41-ijsc-11-039]). In summary, our study shows that local colonic injection of allogeneic adipose-derived MSCs is feasible and safe. This has resulted in a homing of cells to areas of chemically-induced colitis in the rat, including to regions of the colon distant from the MSC treatment site. In this IBD model, the dose and timing of therapeutic MSCs remains to be determined but this approach with further experimentation potentially offers a simple and readily reproducible treatment option for future use in clinical practice.
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![Left image: Scheme of the treatment. The day of ADSCs injection and saline in the treated groups was defined as day 0. Right image: Body weight changes over time in both groups.](ijsc-11-039f1){#f1-ijsc-11-039}

![Colonic immunofluorescence 10 days following TNBS-induced colitis treated by injection of 2×10^6^ allogeneic adipose-derived mesenchymal stem cells. The cells have been marked with PKH26 (×40 magnification). Upper left image: Rectum; Upper right image: Descending colon; Lower left image: Transverse colon; Lower right image: Right colon.](ijsc-11-039f2){#f2-ijsc-11-039}

![Comparative Hunter scoring of the different parts of the colon after TNBS-induced colitis (Control vs. ADSC-treated groups).](ijsc-11-039f3){#f3-ijsc-11-039}

###### 

Haematoxylin and eosin histology of the different colonic sections (Left: Control group; *1* rectum, *3* Descending colon, *5* Transverse colon, *7* Ascending colon - Right: ADSC-treated group; *2* rectum, *4* Descending colon, *6* Transverse colon, *8* Ascending colon). ×20 magnification.
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###### 

Thickness measurements of the different components of the rectum (Control vs. Treatment groups)

                            Control Group (*μ*m)   Treated Group (*μ*m)[\*](#tfn1-ijsc-11-039){ref-type="table-fn"}   p value
  ------------------------- ---------------------- ------------------------------------------------------------------ ---------
  Mucosa                    341.81±56.42           310.27±51.39                                                       0.131
  Submucosa                 361.69±113.08          340.8±92.78                                                        0.705
  Muscularis propria        319.25±74.66           391.27±85.12                                                       0.96
  Full-thickness of bowel   1022.76±187.15         1042.34±111.73                                                     0.762

Mann-Whitney U test.
